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Abstract. We describe a variety of searches for new physics beyond the Standard
Model of particle physics which may be enabled in the coming years by the use
of optically levitated masses in high vacuum. Such systems are expected to reach
force and acceleration sensitivities approaching (and possibly eventually exceeding)
the standard quantum limit over the next decade. For new forces or phenomena
that couple to mass, high precision sensing using objects with masses in the fg–ng
range have significant discovery potential for new physics. Such applications include
tests of fundamental force laws, searches for non-neutrality of matter, high-frequency
gravitational wave detectors, dark matter searches, and tests of quantum foundations
using massive objects.
1. Introduction
The Standard Model (SM) of particle physics is one of the most precisely tested theories
developed to date [1]. For example, the predictions of quantum electrodynamics for the
electron magnetic moment agree with experimental data at a precision exceeding 1 part
per billion [1, 2]. Despite this astounding success, there is a preponderance of evidence
that the SM is incomplete. It fails to account for several basic phenomena of the
universe: Why is there more matter than anti-matter in the universe? What is Dark
Matter, which is five times more abundant than the ordinary matter described by the
SM? What is Dark Energy? How can gravity be incorporated into our understanding of
the other fundamental forces in the SM? The traditional approach towards answering
these questions has been to increase the collision energy achievable at particle colliders,
allowing new particles and phenomena to be produced and studied. While this approach
has been enormously successful during the development and confirmation of the SM,
colliders have thus far failed to find any of the new physics Beyond the Standard
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Model (BSM) described above. As the cost of continuing to increase the energy
frontier at colliders grows, searches at the precision frontier of particle physics provide
an alternative approach [3–5]. At the precision frontier, sensitive laboratory-scale
experiments may be able to provide insight into these questions by detecting tiny
deviations arising from higher energy scales (or weaker couplings) than can currently be
reached by collider experiments.
Mechanical and opto-mechanical sensors such as torsion balances [6–8], optical
interferometers [9], and microfabricated oscillators [10,11] have been a powerful tool in
a variety of precision experiments, including searches for fifth-forces [10–15], tests of the
equivalence principle [16], and searches for gravitational waves [17]. Gravitational wave
observatories have already achieved quantum limited sensitivity over a part of their
operating range, and developing novel and improved quantum-limited and quantum-
based sensors is a promising path towards extending the sensitivity frontier beyond the
state of the art [9].
2. Overview of optically levitated systems
Following pioneering work by Ashkin and Dziedzic [18–20], levitated optomechanics
has undergone substantial development in the past decade [21], with techniques
now demonstrated to trap objects with diameters between ∼50 nm–10 µm using
optical [22–29], magnetic [30–33], or RF [34–36] trapping fields. Due to the high
isolation from thermal and environmental sources of noise possible in a high-vacuum
environment, such objects have found applications to precise force sensing and
accelerometry [25, 37–41], torque sensing [42–45], electric field sensing [46, 47], and
pressure sensing [48]. In comparison to other high-sensitivity systems (e.g., torsion
balances [49], atom interferometers [50], or ions [51,52]), levitated nano- or micro-scale
objects can have advantages when the forces or accelerations of interest arise at the µm
(or sub-µm scale) and couple to mass, neutron number, or other quantities for which
use of a macroscopic mass rather than single atom or ion is beneficial. These features
make levitated optomechanical systems useful for probing a variety of BSM models in
which weakly coupled, µm-scale interactions arise.
Here we focus on a specific subset of levitated optomechanical systems, i.e. optically
levitated systems, and their possible sensitivity to BSM physics in the coming years.
Among the techniques employed in levitated optomechanics, optical levitation presents
advantages for certain applications. First, no net electric charge or magnetization is
required to stably trap the object, minimizing coupling to backgrounds arising from stray
electric or magnetic fields. In addition, a variety of tools developed for manipulating
optical potentials can be directly applied. These tools include the high-bandwidth
control of the trapping lasers; optics that permit long working distances (& several cm)
between the optical elements and the trapped objects to minimize coupling to nearby
surfaces and permit electrodes and attractors to be positioned around the trap; and the
straightforward ability to form multiple traps and eventually large arrays of levitated
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Figure 1. Schematics of the various optical trapping geometries demonstrated in
vacuum, for objects spanning more than 6 orders of magnitude in mass. Subwavelength
objects with masses ∼ 1 − 10 fg have been trapped in high-NA single beams [23, 28]
or optical lattices [37]. Objects with masses ∼ 1− 10 pg have been trapped in counter
propagating dual-beam traps [22, 25]. Objects with masses ∼ 1 − 10 ng are typically
trapped in single-beam levitation traps [24,38].
sensors [53, 54].
A variety of techniques for optical trapping in high vacuum have recently been
demonstrated. For objects with diameters, dsph ≈ 50 − 300 nm, traps employing
tightly focused beams (NA & 0.9) are typically required to provide sufficiently deep
trapping potentials, and have been implemented either using microscope objectives [23]
or parabolic mirrors [28]. Such sub-wavelength objects can also be trapped using
standing wave potentials [37]. For objects with diameters between 1 . dsph . 5 µm,
both counter-propagating dual-beam traps [22, 25] as well as single-beam levitation
traps [24] have been demonstrated. At larger diameters, optical absorption and heating
limit the maximum particle size for typical materials, and only single-beam levitation
traps have been demonstrated in vacuum [18,38]. Lower absorption materials may allow
larger particles to be optically levitated [19,39].
A key advantage of optically levitated sensors for the applications considered here
is the ability to trap neutral objects (or neutralize any net charge present on the object).
Several techniques have been demonstrated for in situ control of the charge state of an
optically trapped microsphere or nanosphere, either by removing or adding electrons in
controlled steps of ±1 e [24, 39, 55, 56]. While µm-sized objects are typically trapped
with a substantial net charge (as large as ∼ 104 e) after loading [39], sub-µm objects
have a significant probability to be trapped with a net charge of 0 e [37, 55]. Once
neutral, optically trapped objects have been observed to remain neutralized (without
spontaneous charging) for time periods of a week or longer [39].
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3. Progress towards the quantum measurement regime
A key feature of levitated optomechanical systems is their ability to evade thermal
noise—which is always present in clamped oscillators—simply by operating at ultra-high
vacuum, but while the vacuum chamber walls remain at room temperature. At pressures
below 10−8 − 10−10 mbar, depending on mass, other sources of noise become dominant
over thermal noise [21]. In the absence of additional technical noise, the sensitivity for
measuring the sphere displacement is limited by photon shot noise from the trapping
light, with wavelength λ. This shot noise arises both from the random arrival time of
photons in the trapping beam, and for objects with sizes . λ, also includes impulses
arising from the random scattering of the photons by the sphere (i.e., “photon recoil
heating”) [57,58]. Finally, if only a fraction of the scattered photons are captured, there
is additional shot noise in the detection of the sphere position. Although in principle the
detection process can be made highly efficient, maximizing photon detection efficiency
is a key challenge for levitated optomechanical systems [59].
Assuming technical noise sources are mitigated and high collection efficiency of the
scattered light, shot noise due to the random arrival times of photons can dominate
the sensitivity at low laser powers, while measurement backaction processes (i.e.,
displacement of the sphere’s COM due to shot noise in the rate of photon recoils)
become dominant at high powers. At the “standard quantum limit” (SQL), the trapping
power is set such that noise contributions from shot noise and backaction are equal, for
a given measurement frequency. For force sensitivity, the on-resonant SQL can be
estimated as
√
SSQLFF =
√
2~mω0γ, where m is the sphere mass, ω0 = 2pif0 for sphere
resonant frequency f0, and γ is the damping coefficient [60, 61]. The resulting SQL
for several benchmark parameters is shown in Fig. 2. Note for systems approaching
ground state cooling, where kbT ≈ ~ω0, this expression approximately reproduces
the spectral density for a classical oscillator,
√
SFF =
√
2kbTmγ [62], where kb is
Boltzmann’s constant and T is the temperature. While the SQL does not present a
fundamental limit—since squeezing or backaction evasion can continue to be used to
surpass the SQL [60]—reaching such sensitivities is an important goal for a given class
of optomechanical sensors. Optically levitated ∼fg masses are already approaching the
relevant SQL [29, 63], while technical noise in the displacement sensitivity for more
massive objects is still & 102 times above that needed to reach the SQL for the most
sensitive systems demonstrated to date [39].
In the coming years, reaching the SQL (and possibly surpassing it) for a range
of masses of levitated objects will further enhance sensitivity to the searches for BSM
physics described here, provided backgrounds can also be sufficiently mitigated. For
many of these searches, the acceleration or force sensitivity of a levitated sensor, rather
than its displacement sensitivity, it typically of interest. A key advantage of levitated fg–
ng masses is that they concentrate a substantial mass density within a sub-µm length
scale, which can provide substantially better acceleration sensitivity than for single
trapped ions or atoms, reaching ∼100 ng/√Hz for 10 µm diameter spheres [39]. In
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Figure 2. Compilation of measured force and acceleration sensitivities for optically
levitated masses range between ∼ 1 fg to ∼10 ng from a variety of groups: ETH Zurich
() [63, 64], Southampton (+) [47] Stanford () [24, 65, 66], UN Reno/Northwestern
(N) [25, 37], UT Austin (?) [22], Vienna (×) [29], and Yale ( ) [38, 39]. All points
directly correspond to reported force or acceleration sensitivities, with the exception
of Refs [63, 64, 67] where such sensitivities are not directly reported, and instead
are estimated from the reported effective temperature and damping. The typical
resonant frequencies of the traps varies significantly over the mass range considered
and is denoted at the top of the plot. Points are colored by time, showing continued
improvement in sensitivities over time and progress towards reaching the relevant SQL
in various mass ranges. In addition to the data shown, substantial progress has also
been made to develop ultra-sensitive torque sensors and free rotors [44,45,68–71], with
sensitivities reaching ∼ 10−27 N m (Purdue [71]).
contrast, less massive objects reach better force sensitivities (e.g., ∼10−18 N/√Hz for
microspheres, ∼10−20 N/√Hz for nanospheres, and ∼10−24 N/√Hz for ions), provided
the sensor can be coupled to the force of interest. For forces that couple to mass or
number of nucleons, acceleration sensitivity is typically the appropriate figure of merit.
Also important is the length scale of interest for the accelerometer if looking for short
range forces (see Sec. 4.1) or the sensor mass if searching for impulses (see Sec. 4.2.2).
Fig. 2 shows a summary of the current force and acceleration sensitivity achieved
with a variety of optically levitated systems. Continued improvement over the last
decade, since the first modern implementation of optical trapping and cooling in
2011 [22] has led to 1–2 orders of magnitude improvement over masses ranging from
fg–ng scales.
While the above discussion has focused on displacement sensitivity (and, in
particular, its translation to force/acceleration sensitivity), an additional benchmark
for reaching the quantum measurement regime for optically levitated systems is to cool
their center-of-mass motion to the ground state of the trapping potential. Recent work
has demonstrated ground-state (or near ground-state) cooling of ∼fg scale optically
levitated masses via either cavity cooling through coherent scattering [29] or feedback
damping [63, 64]. For more massive objects, technical noise still presents a substantial
barrier to ground state cooling, although effective temperatures as low as ∼50 µK have
now been reached for ng masses [39]. Many of the technical developments required to
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permit displacement sensitivity at the SQL would also translate into an improved ability
to optically cool these more massive optically trapped objects. We note that in practice
in the thermal regime, cavity-cooling [57] and laser feedback cooling (e.g. cold damping)
[22], tend to reduce the center-of-mass motional temperature and increase the damping
rate by a similar factor, thus leaving the thermally limited force sensitivity unaffected,
while at the same time allowing a useful tuning of the effective sensor bandwidth. While
such cooling does not affect the sensitivity of the oscillator to continuous searches for
forces or accelerations, it is a key figure-of-merit for their sensitivity to impulses such
as those possibly resulting from dark matter described in Sec. 4.2.2.
A final ambitious goal for the levitated optomechanics community would be to
harness the effects of macroscopic quantum interference and superposition with optically
levitated particles to perform matter wave interferometry. This has potential application
for tests of force laws, tests of gravitational waves, as well as tests of quantum
foundations [72]. Single-particle matter wave interference has been long established
with electrons, neutrons, atoms, and molecules [73]. The largest object explicity shown
to obey wave-particle duality by diffracting it from a grating is a macromolecule with a
mass of approximately 104 amu [74]. For a nanosphere with a sufficiently cooled center-
of-mass, it should be possible to release the particle from the optical trap to obtain a
point-like source for a matter wave interferometer [75, 76] with a mass as high as 107
amu. The wave packet of the nanoparticle will expand upon release from the trap,
and can be diffracted from a material grating or a light-grating, in a similar fashion
to what has been achieved for macromoleules [74]. After diffracting the particle the
position can be recorded, and subsequent repeated experiments can be undertaken to
construct an interference pattern, one particle at a time. The location of the fringes
of this interference pattern depends on the acceleration experienced by the particle
along the direction of the grating, and the free-fall interferometer thus can be used
as a sensitive accelerometer for precision fundamental physics tests [76]. As already
demonstrated in free-fall atom interferometers, and acceleration sensitivity of ∼ ng/√Hz
is also in principle possible in nanoparticle systems, but with a much-reduced wave-
packet expansion when compared with an atomic interferometer due to the much larger
mass. While the acceleration sensitivity may be comparable to what is achievable in
atom interferometers, this reduced expansion could permit higher-spatial resolution and
more localized sensing.
4. Searches for new physics
4.1. Tests of force laws
The acceleration and force sensitivity achievable with optically levitated objects can
enable their use to test the fundamental forces laws for the known long-range interactions
in the SM, i.e., Newton’s and Coulomb’s laws down to µm and sub-µm distances. These
tests may be sensitive either to modifications to the gravitational force law that appear
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only at short distances, or new “fifth forces” that couple to, e.g., mass or electric charge.
Such forces can appear in a variety of BSM models [5, 77, 78], and may not have been
detected either because they appear at weaker couplings or shorter distances than those
at which existing searches have been sensitive [78]. While here we focus on searches
for BSM forces, similar techniques may also enable new measurements of extremely
weak forces within occurring in the SM. For example, the Casimir force [79] is discussed
below since it poses a significant background to some of the proposed searches [80],
although its measurement with precision . 10% remains a significant experimental
challenge, for which optically levitated objects may provide new approaches. In addition,
measurements of similar effects such as the Casimir torque maybe be enabled by optically
levitated objects [71,81]. In the following sections we describe the motivation for searches
for BSM forces, and the sensitivity that might be achieved by levitated systems.
4.1.1. Newton’s law Tests of the inverse-square law (ISL) of gravity have been pursued
at increasing levels of precision since the original torsion balance experiments performed
by Cavendish [78]. This series of experiments has culminated in the extreme precision of
modern torsion balances, including those operated by the Eo¨t-Wash collaboration [49]
and at HUST [15]. Recent results from Eo¨t-Wash now detect gravitational interactions
down to a length scale of λ = 52 µm [6,49]. While possible deviations below this length
scale have much weaker constraints, at longer length scales any modifications to gravity
or new forces can only provide small corrections to the ISL.
There are substantial challenges to measure gravity-strength interactions at
distances below 50 µm. First, the total source mass that can be used scales as M ∝ ρλ3
for a mass of density ρ. As is done in torsion balance experiments, large area flat source
masses can be used instead to limit the scaling to M ∝ ρλ, but background forces,
which often scale with surface area, quickly become dominant. In particular, patches of
electric charge or other stray electric and magnetic forces can easily overwhelm the tiny
forces of interest for λ . 10 µm and below [82,83]. At these length scales, fifth forces or
modifications to gravity that are much larger than expected from the ISL are consistent
with existing experiments, the most sensitive of which make use of micro-mechanical
oscillators [10] or cantilevers [11].
Optically levitated objects may have advantages for tests of Newton’s law in
the range of length scales between 100 nm . λ . 50 µm. In particular, the net
charge of a nanosphere or microsphere can be precisely controlled, as described above
mitigating backgrounds due to stray charge. Higher order multiple moments of the
charge distribution within the sphere (or “patch potentials” on its surface [83]) can
be controlled by rapidly rotating the sphere about the optical axis of the trap, at
frequencies much above the measurement frequency [43, 68, 69, 84]. Optical trapping
provides substantial flexibility for positioning masses around the trapped sphere. Long
working distances [24, 38] can enable shielding electrodes and attractors to be inserted
into the region next to the trap [66, 85], which has been demonstrated at few µm
spacing [86]. Alternatively, sub-wavelength spheres can be trapped at separations of
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(a) (b) (c)
Figure 3. Attractor designs for short-range gravity measurements using levitated
systems proposed to-date. (a) A subwavelength nanosphere is trapped at the antinode
of a standing wave potential, several hundred nm from a gold coated membrane shield.
A patterned mass with different density materials (green and yellow) is oscillated
behind the shield. Figure reproduced from [80]. (b) A linear array of Au and Si
fingers, each 25 µm wide, is oscillated at several µm distance from a 5 µm diameter
sphere trapped in the center of the surrounding shielding electrodes [87]. An additional
microfabricated shield between the moving fingers and sphere can be positioned on an
independent stage [66]. Figure reproduced from [66,87]. (c) A Au-coated microfluidic
capillary is positioned at several µm distance from a ∼10-20 µm diameter sphere, and
alternating droplets of a dense fluid (e.g. a polytungstate salt solution, ρ ≈ 3 g/cm3)
and carrier fluid (e.g. mineral oil, ρ ≈ 0.8 g/cm3) flow through the capillary at
∼50 Hz [85].
a = λ/4 from a reflective surface [80] (note here that λ refers to the wavelength of light
rather than characteristic range of a new force). Finally, the acceleration sensitivities
already achieved by µm scale levitated masses would be sufficient to surpass currently
existing sensitivities, as shown in Fig. 4. Substantial improvement beyond the best
existing tests could be reached if backgrounds and noise could be improved to allow
operation at the SQL.
The primary challenge to implement such experiments is to position optically
trapped objects near a mass attractor without introducing backgrounds that overwhelm
the gravity-like force being searched for. Fig. 3 shows several current proposals for
implementing such attractors. Several sources of backgrounds must be mitigated by
any successful attractor design, including those arising from vibrations, scattered light,
the Casimir force, and patch potentials. Each of the attractor designs in Fig. 3 relies
on modulation of the mass density in the vicinity of the sphere (behind a stationary,
electrically grounded shield) to avoid backgrounds arising from static forces. These
include the Casimir force between the sphere and the conductive surface of the attractor,
which can exceed the gravity-like forces of interest by several orders of magnitude at
. µm distances [80]. However, motion of the attractor mass (required to produce
such modulation) can induce both vibrations or scattered light backgrounds that lead
to either real or apparent forces on the sphere at the frequency of modulation of
the mass [66]. While such backgrounds are not fundamental in nature, they present
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Figure 4. Background free sensitivity projections to deviations from Newton’s
law for example optically levitated masses. Existing limits are denoted by the blue
region [10, 49, 78], with allowed theory regions in a selection of models denoted in red
and green [11]. The black dashed line shows the projected sensitivity for a 20 µm
diameter sphere at the best currently demonstrated sensitivity for a sphere of this
size [39] for a 105 s integration, assuming no backgrounds. The black dotted line
shows the corresponding sensitivity at the SQL. The red dashed/dotted lines show
the current/future sensitivity possible for a nanosphere with diameter of 300 nm [80].
The green dotted line shows the projected sensitivity for a matter wave interferometer
employing 13 nm diameter spheres [76].
a key technological challenge in implementations of optimized attractors [66, 80, 85].
Finally, at . µm separations, significant backgrounds from electric forces arise due to
“patch potentials” [83], i.e. localized potential differences in microscopic patches of
the conductive attractor surface that are difficult to eliminate. Both the control of the
charge state of the sphere (as described above) and the use of a stationary shield can be
used to reduce the effect of patch potential backgrounds at the measurement frequency.
Mitigating the backgrounds described above is a formidable experimental challenge,
which has not yet been demonstrated at the required sensitivity. It remains to be
determined to what level such background reduction is technically feasible, and this will
set the ultimate reach of optically levitated systems to such forces. However, if such
backgrounds could be controlled below the current (and future) sensitivity of levitated
optomechanical systems the resulting projected sensitivity is shown in Fig. 4. Here,
deviations from the ISL are parameterized with a Yukawa form [78]:
V (r) =
GNmM
r
(1 + αe−r/λ) (1)
where GN is Newton’s constant, m and M are the sphere and attractor masses (assumed
to be point-like), r is their separation, α parameterizes the strength of the new force,
and λ parameterizes its characteristic range. If the deviation from the ISL is mediated
by a new force carrier with mass mφ, then typically λ = ~c/mφ. While other forms for
the deviation from the ISL are possible [78], Fig. 4 shows the constraints on the Yukawa
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form to enable a consistent comparison between multiple experiments.
Matter wave interferometry with nanospheres can also potentially be used to
measure short-range surface forces such as the Casimir effect and tests of ISL violation.
By cooling the center-of-mass motion of the nanosphere sufficiently, it should be possible
to obtain a cold, point-like source for a matter wave interferometer [75, 76]. Atom-
based interferometers have demonstrated remarkable acceleration sensitivity (below
10−11 g), where g is the gravitational acceleration at the surface of the earth [88].
Nanosphere interferometers have the potential to achieve similar sensitivity but with a
key advantage—the large mass of the nanosphere (compared with an atom) makes its
wave-packet expand slowly enough to allow localized sensing at the micron scale [76].
Using this approach, in the longer term future, it may be possible to probe in the regime
of 104 to 1 × gravity at ranges of 1 to 10 microns, respectively, potentially surpassing
the non-interferometric methods at the shortest distances, while using a complementary,
fully quantum approach, as shown in Fig. 4. Measurements of the Casimir effect are
also possible with this method [76].
4.1.2. Coulomb’s law Similar to the searches for new forces that couple to mass
described in Sec. 4.1.1, optically levitated systems may also be used to search for
forces that couple to charge. In particular, this includes searching for deviations from
Coulomb’s law, which may be motivated by the presence of new forces under which dark
matter could be charged [89,90]. Recent theoretical work has motivated study of a broad
class of “hidden sector” dark matter models [77], in which dark matter may consist of
multiple constituents charged under new forces that do not directly interact with SM
particles. In these models, such new forces can weakly mix with electromagnetism,
resulting in new Coulomb-like interactions [5]. A prototypical example is a new U(1)
gauge group in the hidden sector [5, 91], for which a dark photon can kinetically mix
with the standard model photon leading to a Yukawa potential (for two electrons of
charge e):
V (r) =
αEM
r
(1 + χ2e−r/λ) (2)
where αEM = e
2/(4pi0~c) is the fine structure constant, χ 1 is the coupling, and the
length scale, λ = ~c/mχ for a mediator (e.g. a dark photon) with mass mχ.
Optically levitated objects have similar advantages for tests of Coulomb’s law as for
testing Newton’s law—i.e., their mass is confined at µm or sub-µm length scales, allowing
forces with mediator masses mχ . 1 eV to be probed. In addition, the charge state of
the sphere can be precisely controlled, and changed in polarity. Net charges as large as
104 e have been demonstrated for 10 µm diameter spheres, and larger charges may be
possible [36,39]. In addition, polarizing the sphere in an external electric field can allow
induced dipole moments as large as ∼1 e cm in a 1 kV/mm electric field for a 10 µm
diameter sphere. Such dipole moments can directly couple to electric field gradients,
which may be advantageous for searching for corrections to Coulomb’s law of the form
in Eq. 2, since for length scales ∼ ~c/mφ, the gradient in the electric field over the
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Figure 5. Background free sensitivity projections to deviations from Coulomb’s law
for a 20 µm diameter sphere at the best current demonstrated sensitivity [39] (dashed)
and the SQL (dotted). Existing laboratory limits from Coulomb’s law tests are denoted
by the dark blue regions [77]. The upper axis indicates the corresponding mass of a
dark photon that could mediate the new force, with existing laboratory limits on dark
photons from light shining through wall experiments denoted in light blue [92]. The
gray region indicates astrophysical bounds on dark photons versus mass from stellar
cooling constraints [77].
diameter of the sphere can be a substantial fraction of its overall magnitude. However,
when compared to trapped ions (where electric field sensors have been demonstrated
with sensitivity of < 1 nV/m [51]), the charge-to-mass ratio of the sphere is roughly 9–
10 orders-of-magnitude smaller, substantially reducing the expected acceleration from a
deviation arising from Coulomb’s law. Thus, the tradeoffs between single trapped ions,
and charged (or polarized) nano- or micro-scale objects primarily arise from the ability
to mitigate backgrounds, which may provide limits in practical applications rather than
the sensor’s intrinsic sensitivity.
Fig. 5 shows the projected sensitivity of a 20 µm diameter optically levitated
microsphere to deviations from Coulomb’s law of the type parameterized in Eq. 2, for a
microsphere positioned just outside a fully shielded parallel plate capacitor with plate
spacing of 2 mm and a separation between the sphere and ground electrode of 25 µm.
Such a search could provide the most sensitive laboratory test of Coulomb’s law at length
scales between 1 µm < λ < 1 mm. However, if such deviations arose from a model with
a dark photon, astrophysical limits from stellar cooling would also rule out much of
the accessible parameter space with microspheres [77]. Whether such sensitivities can
be reached largely depends on the background level achievable. Technical sources of
backgrounds including vibrations of the electrodes, scattered light, stray electric fields,
and electrical pickup would all need to be controlled to reach the projected sensitivities.
Searching for new physics using optically levitated sensors 12
4.1.3. Matter neutrality One of the first applications of optically levitated systems to
searches for BSM physics was to test the electric neutrality of nanogram-scale masses
with sensitivity to single fractional charges & 10−4 e [24]. Such tests can be sensitive
either to particles with tiny fractional charges bound in matter (i.e., “millicharged”
particles with charge  1 e), or a difference in the sum of the proton, neutron, and
electron charge from zero.
Precision measurements over the past century have demonstrated that the electric
charges of the proton and electron are equal and opposite to within at least one part
in 1021 [93]. The experimental observation that these fundamental building blocks of
matter carry charges that must be nearly exactly quantized in units of ±1 e may provide
hints of some deeper underlying symmetry between quarks and leptons that is not yet
incorporated in the SM [1]. If such an underlying symmetry does not exist in nature,
it may still be possible to obtain exact charge quantization through requirements on
gauge anomaly cancellation, but such relations are typically sensitive to the full content
of particles existing in nature and thus may provide a new probe for BSM physics [94].
In addition, fractionally charged particles have been searched for in many
experiments since the discovery of quantized charges (in particular, searches for free
quarks with charge e/3). Modern motivations for searching for fractional charges  1e
arise in hidden sector dark matter models [77]. If a new force in the hidden sector weakly
mixes with SM electromagnetism, then dark matter particles can obtain tiny effective
charges [5, 77]. Such particles could be produced in the early universe and form bound
states with atoms. If such particles are & 10 GeV in mass and have fractional charge,
q & 10−3 e, then eV-scale binding energies are possible in a Bohr-like “atom,” for which
a millicharged DM particle and nucleus are bound. Such massive particles may also
have escaped detection at particle accelerators, where dedicated searches probe masses
only . 1 GeV [95,96].
Levitated objects have a long history in testing the neutrality of matter and
searching for fractionally charged particles. While the most sensitive current tests of
the neutrality of matter employ neutrons [97] or macroscopic acoustic resonators [98],
magnetically levitated spheres used for free quark searches reached comparable
sensitivities [99]. Smaller particles typically provide more sensitivity for small fractional
charges bound in matter, and recent modernized implementations of the Millikan oil drop
experiment have searched for fractional charges > e/3 in nearly∼ 5×107 droplets, giving
a total mass of 0.26 g [100]. Ashkin first proposed the use of optically levitated spheres
to perform a modern, ultra-sensitive version of the Millikan experiment in 1980 [101],
and as described above, results of such an experiment were first reported in 2014 [24].
Future extensions of these techniques may continue to substantially improve sensitivity
to tiny fractional charges or non-neutrality of matter, as shown in Fig. 6.
A key advantage of levitated systems for tests of the neutrality of the objects is
that their charge state can be precisely controlled and measured. The primary challenge
to practical implementations result from the presence of permanent dipole moments
within the spheres [24, 86]. However, these dipole moments can be controlled through
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Figure 6. Background free sensitivities for millicharged particles (left) and
non-neutrality of matter (right) for a 20 µm diameter sphere at the best current
demonstrated sensitivity [39] (dashed) and the SQL (dotted). In both cases, existing
limits are denoted by the blue regions [24,97–100].
rapid rotation of the sphere, either optically [43, 68, 69, 84] or electrically [70]. The
sensitivity that is in principle achievable is significant—for a 10 µm diameter sphere
with already demonstrated force sensitivity of 1 aN/
√
Hz and acceleration sensitivity
of 100 ng/
√
Hz in a 1 kV/mm field, then a fractional charge sensitivity of  ≈ 6×10−8 e
could be reached in a 104 s integration, assuming no other backgrounds. This would
correspond to a sensitivity to the sum of the proton, neutron, and electron charges of
|qp+qn+qe| ≈ 10−22, which is more than an order of magnitude beyond the best previous
searches. Longer integrations or lower noise could in principle allow even more sensitive
tests to be performed. For example, sensitivity at the 10−28 e level could be achieved,
in principle, assuming a background-free measurement of a 50 µm diameter sphere in
a 10 kV/mm electric field for an integration of 105 s at the SQL. However, controlling
backgrounds at the level of these sensitivities would require substantial advances beyond
the state-of-the-art. Such sensitivity would be comparable to proposals involving free-
fall atom interferometers, which have also suggested the possibility to test |qp + qn + qe|
at the 10−28 e level [102].
Figure 6 shows the projected sensitivity of optically levitated spheres to fractional
charges and the neutrality matter, although at more modest sensitivities than those
described just above. In particular, it is assumed that backgrounds can be controlled
sufficiently that a ∼1 s integration is possible at current (and future) sensitivities.
This more conservative projection is based on recent experience in the practical
difficulty of mitigating backgrounds in such measurements [24, 86]. Indeed, even if
the dipole (and higher order multiple) backgrounds can be suppressed at the required
level, technical sources of backgrounds arising from vibrations (large electrical forces
will be present on the electrodes used to produce the fields and HV feedthroughs,
although typically at twice the drive frequency) or electrical pickup can present practical
limits. However, if such technical backgrounds can be overcome, optically levitated
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nanogram masses have the advantage that their charge state is precisely known,
avoiding the dominant irreducible background that prevents progress using macroscopic
resonators [98]. Further work to control technical backgrounds present for optically
levitated spheres could thus allow sensitivity beyond even that projected in Fig. 6 for
millicharged particles and non-neutrality of matter.
4.2. Searches for weak astrophysical signals
The extreme force sensitivity made possible by optical levitation lends itself to the search
for weak astrophysical signals, including feeble strain signals from Gravitational waves
or impulses from passing Dark Matter.
4.2.1. High-frequency gravitational waves One of the most interesting sources of
Gravitational waves in the high-frequency regime arises from physics Beyond the
Standard Model. The QCD axion is a well-motivated dark matter candidate that
naturally solves the strong CP problem in strong interactions and explains the smallness
of the neutron’s electric dipole moment [103–106]. The Compton wavelength of the
QCD axion with axion decay constant fa ∼ 1016 GeV (at the Grand-Unified-Theory
[GUT] energy scale) matches the size of stellar mass BHs and allows for the axion to
bind with the BH nucleus, forming a gravitational atom in the sky. A cloud of axions
grows exponentially around the BH, extracting energy and angular momentum from the
BH [107,108]. Axions in this cloud produce gravitational radiation through annihilations
of axions into gravitons. For annihilations, the frequency of the produced GWs is given
by twice the mass of the axion: f = 145 kHz, which lies in the optimal sensitivity range
for optically leviated sensors when fa is around the GUT scale. The signal is coherent,
monochromatic, long-lived, and thus completely different from all ordinary astrophysical
sources. The fraction of the BH mass the axion cloud carries can be as high as 10−3 [108],
leading to strain signals detectable within the sensitivity band of optically levitated
sensors [109]. Fig. 7 shows the anticipated search reach of levitated sensor technology
along with existing and planned gravitational wave observatories and detection methods.
The reach of the 1-meter LSD (Levitated sensor detector) [110] being built currently is
indicated as well as for future length upgrades. In recent work, an alternative matter-
wave interference approach has been proposed to search for GWs in the frequency range
below 10 Hz [112], using macroscopic meter-scale quantum superpositions of levitated
nanodiamonds.
4.2.2. Dark matter The nature of dark matter (and its detection in terrestrial
experiments) remains among the most important open questions in fundamental physics.
Most existing laboratory searches for dark matter are optimized to detect either
individual nuclear or electron recoils in a massive target [113], or the production of a
photon (or phonon) from dark matter conversion in a resonant cavity or structure [114].
However, for long-range interactions between dark matter and normal matter (i.e., those
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Figure 7. Adapted from Ref. [111]. Frequency landscape of Gravitational wave
searches for various technologies.
with an effective range much larger than atomic spacings), recoils of sub-atomic particles
may not provide the optimal search strategy. In these cases, collective modes of many
atoms can typically be excited with larger energy or momentum transfers than single
electrons or nuclei [115–118].
In fact, the only interaction that dark matter is known to have is long-range in
nature (i.e., its gravitational interaction, mediated by a massless force carrier). While
detection of dark matter via gravity alone may be possible in principle [54,119–121], it
would require substantial improvements in optomechanical sensors beyond the current
state-of-the-art, and likely larger masses than could be optically levitated. Thus,
optically levitated systems are most useful in the case that DM couples to normal matter
via a long-range force that could exceed gravity in strength. This sort of “fifth force”
coupling to mass is exactly of the type described in Sec. 4.1.1. If DM also coupled
to such a force, it could lead to new detection strategies [119, 122–125] for relic DM
particles.
A recent search has been performed for composite dark matter particles scattering
from an optically levitated nanogram mass, cooled to an effective temperature
∼200 µK [118]. This search placed limits on the interaction strength between DM
and neutrons ≤ 1.2× 10−7 for a new long-range force with mediator mass, mφ ≤ 0.1 eV
for dark matter masses in the range 1–10 TeV. Since the scattering cross section scales as
∼ 1/q4, where q is the momentum transferred to the sphere, future searches with lower
detection thresholds (or consisting of arrays of many spheres) could further improve
sensitivity to these models by many orders of magnitude [53], as shown in Fig. 8.
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Figure 8. Background free sensitivity projections to a dark matter candidate
interacting with neutrons through a long-range force, assuming a massless mediator.
Existing constraints from an initial demonstration of such a search (with a few ng-days
exposure) are shown by the blue filled region [118]. Substantial improvement over the
initial search is possible with longer exposures and larger arrays of spheres. Projections
for the sensitivity of a 100 element array of spheres with 1 yr exposure at the current
sensitivity (dashed) and at the SQL (dotted) are also shown.
Unlike previous applications to tests of force laws described in Sec. 4.1, background-
free sensitivity is likely to be possible in such searches due to their inherent directional
sensitivity [126], although sources of background impulses such as vibrations and
electrical pickup must still be mitigated. The key technical challenge to reaching large
exposures is to construct large arrays of optically levitated sensors. One possible path
to integrating such arrays would be to miniaturize the traps using photonic integrated
circuits [127]. Alternatively, tweezer arrays using spatial light modulators or acousto-
optics could be implemented following the successful technologies demonstrated for cold
atoms [128,129].
4.3. Quantum Foundations and Tests of gravitational effects in Quantum Theory
Quantum mechanics as currently formulated should apply equally well to the
macroscopic and microscopic worlds. Notwithstanding decoherence through interactions
with their environment, it contains no fundamental mechanism for preventing
macroscopic objects from existing in a coherent linear superposition of two different
quantum states. Since the early days of quantum mechanics, this fact has
deeply bothered physicists, as it conflicts with the absence of macroscopic quantum
superpositions in everyday life. Moreover, the lack of a fundamental mechanism to
prevent macroscopic superpositions is closely related to the measurement problem in
quantum mechanics. In order to produce agreement with experimental results, some
theorists have formulated an ad hoc postulate of measurement induced collapse to
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describe the outcomes of measurements of a microscopic system in a superposition of
two quantum states, using a macroscopic device. By contrast, at all other times, the
evolution a quantum system is described by unitary evolution under the Schro¨dinger
equation.
4.3.1. Quantum Collapse models The dissonance between how quantum mechanics
describes ordinary unitary evolution versus the measurement process is widely seen as
unsatisfactory [130]. As a potential resolution of these issues, models have been proposed
that explain the absence of observations of macroscopic quantum superpositions and
eliminate the need for the measurement induced collapse postulate by providing a
natural mechanism for the collapse of superpositions of sufficiently massive objects. In
several of these models, the collapse is gravity-induced [130–133]. Experimentally testing
such collapse models probes the interface between quantum mechanics and gravity, and
a confirmation of gravity-induced collapse would be a revolutionary advance in our
understanding of quantum theory and reveal an interplay between gravity and quantum
mechanics that would need to be considered in developing any theory of quantum gravity.
Improving tests of collapse models beyond previous work can be achieved by creating
quantum superpositions involving more massive objects and longer coherence times.
A promising approach to achieve this is interferometry with levitated nanoparticles
[72]. A figure of merit describing how macroscopic a quantum superposition is or its
“macroscopicity” has been defined for objects ranging from individual atoms to larger
scale mechanical oscillators [130]. Optically levitated systems represent a method to
test spontaneous localization models at intermediate scales [130, 132]. The current
bounds are shown in Ref. [134]. Any fundamental decoherence mechanism whether
gravitational related or not would need to be distinguished from technical sources of
decoherence. One challenging aspect of optically levitated systems stems from the fact
that for optically trapped particles in vacuum, the center of mass temperature can be
quite cold while the internal temperature can be significantly above room temperature.
As such a warm object is diffracted from a light grating as described in and placed into
a superposition state, blackbody emission from the surface of the spheres can decohere
the quantum superposition [75, 76]. Optical refrigeration techniques or operation in
a cryogenic environment with minimal laser heating may be routes for improving the
blackbody emission limited lifetime of such macroscopic quantum superpositions [135].
Magnetic levitation of superconducting particles has also been proposed as a method
for obtaining larger quantum superpositions without the effects of laser heating [136].
4.3.2. The Role of gravity in entanglement While probing physics at the Planck
scale directly may be outside of the realm of possibility for humankind in the near
future, examining the role that gravity plays in uniquely quantum phenomena such as
entanglement can provide insight into the quantum nature of gravity. Proposals have
recently been presented for using macroscopic superpositions of massive nanoparticles
to test whether the gravitational field can entangle the states of two masses [137, 138].
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In these proposals, it is described how the gravitational interaction alone between two
quantum superpositions can create entanglement between the states of a massive object.
The state of embedded spins in the masses can be used as a witness to probe the
entanglement as described in Ref. [138]. A significant challenge in these experiments
will be to avoid other non-gravitational interactions due to surface forces and other
external environmental perturbations. Given the overall rate of progress in the field,
despite these technical challanges, levitated naoparticles provide a tantalizing possibility
for novel investigations into the quantum nature of the gravitational interaction within
the coming decade.
5. Conclusions
Optically trapped sensors have already developed to the point where a large number
of BSM searches for new physics are possible in the coming years using demonstrated
techniques. These searches have the potential to explore broad classes of models for new
BSM physics that were previously inaccessible. As the sensitivities for such systems
continue to approach (and possibly eventually surpass) the SQL in the mass range
between ∼1 fg to ∼1 ng, the potential of these searches for probing BSM physics will
continue to improve. Given the high sensitivities already achieved, the key challenge in
the coming years for many applications is to mitigate technical sources of backgrounds
that may overwhelm the tiny effects that such sensors aim to detect. Continued
development of techniques to control the translational and rotational degrees of freedom
of these sensors, as well as their charge distribution will be crucial to mitigating such
backgrounds. If successful, such developments will enable a new tool at the precision
frontier of particle physics for exploring some of the most difficult unanswered questions
in fundamental physics.
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